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Thermal stability of membrane proteins is thought to be a complex
property of the protein structure as well as environmental factors such
as solutes and lipid-protein interactions at the bilayer interface [1].
Proteins from organisms adapted to growth at low temperatures are
often found to be less stable at higher temperatures than homologues
from organisms adapted to growth at elevated temperatures. Here,
the properties of Na,K-ATPase puriﬁed from a small shark (Squalus
acanthias) and Na,K-ATPase puriﬁed from the domestic pig (Sus scrofa)
are compared. The shark is adapted to temperatures around 10 °C, and
thepig to 36 °C. It has previously been shownusing differential scanning
calorimetry (DSC) that the shark enzyme denatures at a ~10 °C lower
temperature than pig enzyme [2,3]. It has also recently been shown that
the difference in thermal stability is not related to the bulk properties of
the bilayer as such [4]. Comparison of the thermal stability of structure
(monitored by synchrotron radiation circular dichroism) andof function
of the proteins from both species in the membranes as well as in thedetergent-solubilized state (using the nonionic detergent octaethyle-
neglycoldodecylmonoether (C12E8)) could shed further light on the role
of the lipid bilayer for stability as well as reveal the structural changes
associated with the enzyme inactivation.
Despite the large evolutionary distance between the shark and the
pig, the twoenzymeshave remarkably similar enzymaticproperties. Both
enzymes transport Na+ and K+, and hydrolyse ATPwith amolar activity
(turn-over number) of about 150 s−1 at 37 °C under optimal ionic
conditions (in the presence of 130 mM NaCl, 20 mM KCl, 4 mM MgCl2
and 3 mMATP), and both enzymes are ternary complexes of the catalytic
α-subunit (Mr~110 kDa), the glycosylated β-subunit (Mr~35 kDa) and
a FXYD-type protein ofmolecularmass~10 kDa (for a reviewsee ref. [5]).
The sequence identity between pig and shark α-subunit is 87%, i.e.
they are almost identical. Nucleotide binding, phosphorylation, ion
transport as well as inhibition by cardiac glycosides take placewithin the
α-subunit. The identity between the β-subunits is somewhat smaller but
still very high (about 64%). The β-subunit acts as a structural anchor
between the intramembranous section and the extracellular side of the
ternary complex. The FXYD subunits (theγ-subunit or FXYD2 for pig and
FXYD10 for shark) are only about 23% identical. These proteinsmodulate
Na,K-ATPase activity at a variety of cellular levels [6]. The β-subunit is
mainly extracellular with a single transmembrane span, and the FXYD
protein also has a single transmembrane segment. The α-subunits have
10 transmembrane segments, so the major lipid-protein surface in-
teractions are thereforewith theα-subunit. Crystal structures of pig (pdb
codes 3B8E, 3KDP) and shark (pdb code 2ZXE) Na,K-ATPases are very
similar in overall architecture [7,8].
Fig. 1. Time-dependence of loss of Na,K-ATPase activity due to thermal inactivation.
Puriﬁed membrane-bound Na,K-ATPase from shark and pig were placed at various
temperatures and the loss of activity was followed. (A) Loss of Na,K-ATPase activity of
shark enzyme upon incubation at 40 °C (squares), 48 °C (circles), 52 °C (up-triangles)
or 56 °C (down-triangles). (B) Similar experiments with pig enzyme incubated at 56 °C
(squares), 61 °C (circles), 63 °C (up-triangles) or 66 °C (down-triangles). At the
indicated time-points an aliquot was transferred directly into Na,K-ATPase reaction
medium and hydrolysis was allowed to proceed for 10 min at 20 °C. The activities are
given in percent of the activity at t=0. The lines are single-exponential ﬁts of the data.
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changes associated with thermal unfolding of two Na,K-ATPase enzymes
from different species, as well as the effects of membrane and detergent
environments on the proteins' stabilities.
2. Materials and methods
2.1. Protein puriﬁcation
Na,K-ATPase from the salt gland of Squalus acanthias was prepared
according to the method of Skou and Esmann [9], omitting the saponin
treatment. Na,K-ATPase from pig kidney microsomal membranes was
prepared by treatment with SDS and puriﬁed by differential centrifu-
gation [10]. The speciﬁc activity of both enzyme preparations was
approximately 30 μmol ATP hydrolyzed/mg protein per min at 37 °C
[11]. The puriﬁedmembrane preparations were ﬁltered through a 8 μm
Millipore ﬁlter (SCWP) and stored at −20 °C in a buffer containing
10 mM Tris, 25 mM K2SO4 and 25% glycerol (pH 7.4). The Na,K-ATPase
reaction medium contained 130 mM NaCl, 20 mM KCl, 4 mM MgCl2,
3 mM ATP in 30 mM histidine (pH 7.4) and the K+-pNPPase reaction
medium contained 150 mM KCl, 20 mMMgCl2, 10 mM p-nitrophenyl-
phosphate in 30 mM histidine (pH 7.4), and for analysis of C12E8-
solubilized samples the reaction media also contained 0.1 mg C12E8/ml
[12].
2.2. Enzyme activity measurements
The puriﬁedmembrane preparations (stored at approximately 4 mg
protein/ml) were thawed and incubated at temperatures from 20
to 70 °C. The time-courses of inactivation at various temperatures
(see Fig. 1) were determined by dilution of the puriﬁed membrane
preparations in 10 mMTris, 25 mMK2SO4 and 25% glycerol (pH7.4) to a
protein concentration of about 0.2 mg/ml, and at the indicated time
points an aliquot was transferred directly into Na,K-ATPase reaction
mediumand hydrolysis was allowed to proceed for 10 min at 20 °C. In a
set of experiments designed to mimic the SRCD data collection another
protocol was adapted. The puriﬁed membrane preparations at a
concentration of 4 mg protein/ml were used without dilution and
placed ﬁrst at 20 °C. The total period spent at a given temperature was
15 min, and immediately after incubation, the sample temperature was
raised by 5 °C. After 7 min at a given temperature an aliquot was diluted
into Na,K-ATPase or pNPPase reaction medium and hydrolysis was
allowed to proceed for 4 min at 20 °C. The reaction was terminated by
addition of TCA to a ﬁnal concentration of 5% (see ref. [11]).
For determination of the stability of the C12E8-solubilized enzyme a
similar protocol was adapted, except that the membranous enzymes
were thawed and diluted to a ﬁnal protein concentration of about 4 mg/
mlwith a C12E8-solution (in 10 mMTris, 25 mMK2SO4 and 25% glycerol
(pH 7.4)) to give a ﬁnal C12E8-concentration of about 8 mg/ml, i.e. a
detergent/protein ratio of 2. In this set of experiments an aliquot of the
solubilized enzyme was diluted into Na,K-ATPase or pNPPase reaction
medium which contained 0.1 mg C12E8/ml.
The temperature optimum for the rate of ATP hydrolysis was
determined as follows:Na,K-ATPase fromsharkorpig at a concentration
of 0.02 mg/ml in a 30 mM histidine buffer (pH~7.5) was allowed to
hydrolyze ATP in the presence of 25% glycerol, 42 mM Na+, 5 mM K+,
4 mMMg2+ and 3 mM ATP for 10 to 60 s at temperatures from 20 to
65 °C. The speciﬁc activity was calculated from the amount of inorganic
phosphate released, which at all temperatures (except the highest) was
linear with time.
2.3. Sample preparation for SRCD spectroscopic measurements
Puriﬁed frozen preparations (at a protein concentration of approxi-
mately 4 mg/ml) in 10 mM Tris, 25 mMK2SO4 and 25% glycerol (pH 7.4)
were thawed and used without further treatment. C12E8-solubilizedsamples were prepared as follows: the puriﬁed frozen preparations
(in this set of experiments at a protein concentration of ~10 mg/ml) in
10 mM Tris, 25 mM K2SO4 and 25% glycerol (pH 7.4) were thawed, and
diluted with a C12E8-solution (in 10 mM Tris, 25 mM K2SO4 and 25%
glycerol (pH 7.4)) to give a ﬁnal protein concentration of ~4 mg/ml and a
C12E8-concentration of ~8 mg/ml. The addition of detergent was done on
ice, and the solubilized enzyme brought to 20 °C. Protein concentration
was determinedusing the Lowrymethod [13]which had previously been
calibrated for NaK-ATPase by quantitative amino acid analysis [14].
2.4. SRCD measurements
SRCDmeasurementsweremade on beamline CD1 at the Institute for
Storage Ring Facilities (ISA), Aarhus University, Denmark. Sampleswere
loaded into a quartz Suprasil demountable cell (Hellma UK Ltd) with a
pathlength of 0.0015 cm. Spectra were measured over the wavelength
range from 280 nm to 175 nmwith a step size of 1 nm and a dwell time
of 2 s. Thermal denaturation of the protein was followed by collecting
three spectra at each temperature from 20 °C to 85 °C. The temperature
was raised in 5 °C increments allowing 3 min for equilibration (that
equilibration had been achieved was demonstrated by comparing the
three replicate scans at each temperature). All processing was carried
out using the CDTool software [15]: Replicate scans of the sample were
averaged and three averaged scans of a buffer baseline were subtracted
from the averaged sample spectrumbefore calibration using a spectrum
of camphorsulphonic acid that was obtained at the beginning of each
Fig. 2. Thermal inactivation of Na,K-ATPase puriﬁed from shark and pig. (A) Rates of ATP
hydrolysis at various temperatures for shark (circles) and pig Na,K-ATPase (squares). The
activities are normalized to 100% at the optimum temperature and the data points are
averages (±sd) of three individual sets of experiments. (B) The enzymatic activity of
membrane-bound shark (circles) and pig (squares) enzyme, tested for Na,K-ATPase
activity (ﬁlled symbols) and K+-pNPPase activity (open symbols), with incubation for a
total of 15 min at each of the indicated temperatures (see Section 2.2). The data points are
averages (±sd) of three individual sets of experiments, normalized to give an activity of
100% at room temperature. The mid-points for loss of activity occur at 63 °C for pig and
51 °C for shark. (C) A similar set of experiments with C12E8-solubilized Na,K-ATPase. The
symbols are as in panel B and the C12E8/protein ratio is 2 w/w, sufﬁcient to give full
solubilization of shark as well as pig enzymes. The mid-points for loss of activity occur at
50 °C for pig and 44 °C for shark.
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and converted to delta epsilon values using aMr of 110.5 kDa for the pig
enzyme and a Mr of 110.1 kDa for the shark enzyme. Thermal
denaturation curves were obtained by plotting the CD values at the
three peaks (222 nm, 208 nm and 194 nm) of each spectrum against
temperature. Curveswere normalized by setting the peak value at 20 °C
to 1.0 and scaling the other spectra to this. The actual temperature was
determined using a calibration curve of experimental temperature
(measured using a thermistor inside the sample cell containing water)
against the set point temperature. The thermal melt curves were ﬁtted
using the Boltzman sigmoidal ﬁt function of Origin 6.0.
Secondary structure analyses were carried out using the Dichro-
Web analysis server [17]. Values obtained from the CONTINLL [18,19],
SELCON3 [20] and CDSSTR [20] algorithms (using the SP175 dataset
[21]) were averaged. Singular Value Deconvolution (SVD) analyses
were carried out using CDTool software.
SRCD spectra have been deposited in the Protein Circular
Dichroism Data Bank (PCDDB) located at http://pcddb.cryst.bbk.ac.
uk with the codes CD0001152000 to CD0001209000.
3. Results
3.1. Thermal inactivation of shark and pig Na,K-ATPase
Fig. 1 shows the time dependence of loss of activity formembranous
shark Na,K-ATPase (Fig. 1A) and pig Na,K-ATPase (Fig. 1B). There is a
markedly larger thermal stability for pig enzyme, with almost total
inactivation of shark enzyme at 56 °C in 30 min, whereas pig enzyme
still retains more than 90% activity after 30 min at 56 °C. A pronounced
thermal instability is seen for the shark protein at around 50 °C, and the
corresponding temperature is about 63 °C for pig enzyme.
The optimum temperature for ATP hydrolysis in the presence of
42 mM Na+ and 5mM K+ was ~42 °C for shark and ~57 °C for pig
enzyme (see Fig. 2A). These optimawere obtained in the presence of 25%
glycerol in order to simulate the conditions of the SRCD experiments, and
the ionic strength usedhere (~70 mM) is, for the same reason, lower than
the usual ~180 mM used for determination of speciﬁc activities [11].
Under the present conditions the speciﬁc activity was 12.3 μmol ATP
hydrolyzed/mg protein per minute for shark at 42 °C and 24.0 μmol ATP
hydrolyzed/mg protein per minute for pig at 57 °C, both lower than the
speciﬁc activity of about 30 μmol/mg protein per min at 37 °C under
optimal ionic strength conditions, see [11].
Fig. 2B and C show the loss of enzymatic activities when the samples
are incubated for 15 min at increasing temperatures, thus allowing a
comparison of loss of activity with changes in structure. Fig. 2B shows
the larger stability for membranous pig enzyme than for membranous
shark enzyme, as expected from the time courses of inactivation (Fig. 1).
For both enzymes the overall Na,K-ATPase activity (ﬁlled symbols)
was lost in parallel with the K+-dependent phosphatase activity (open
symbols). The midpoint for loss of activity was about 63 °C for pig
enzyme (squares) and about 51 °C for shark enzyme (circles). Fig. 2C
shows that the larger stability for pig enzyme than for shark enzyme is
retained also in the detergent-solubilized state. For both solubilized
enzymes the overall Na,K-ATPase activity (ﬁlled symbols) was lost in
parallel with the K-dependent phosphatase activity (open symbols) as
also observed for the membranous enzymes (Fig. 2B). The midpoint for
loss of activitywas about 50 °C for solubilized pig enzyme (squares) and
about 44 °C for shark enzyme (circles).
3.2. Thermal denaturation of shark and pig Na,K-ATPase
SRCD spectroscopy was used for these studies, as opposed to
conventional CD spectroscopy, since it enables the acquisition of higher
quality far UV CD measurements, especially for the low wavelength
(~190 nm peak) and for membranous samples that are prone to light
scattering, as well as higher signal/noise levels that enable the moreaccurate detection of spectroscopic changes. The spectra of both enzymes
are typical formixed alpha/beta proteinswith a lowwavelength cut-off of
178 nm for themembranous samples and 175 nm for those in detergent.
Secondary structure analyses of the SRCD data of the membrane-
bound samples at 25 °C produced values for helix and β sheet contents
that are consistent with values calculated from the cognate crystal
structures (pdb codes 2ZXE for shark and 3KDP for pig) by the DSSP
algorithm [22] using the 2Struc website [23] (Table 1B). The values
calculated from the SRCD spectra (Fig. 3A and B) for the pig enzyme are
39% helix and 16% β strand compared to respective crystal structure
values of 38% and 11%. Similarly the SRCD-derived values of 41% helix
and 15% β strand for the shark ATPase are commensurate with the
crystal structure values of 43% and 14%, respectively. In each case the
helical content of the shark enzymewas slightly higher than that for the
pig, the higher helix content primarily being associatedwith differences
in the α-subunit.
Thermal denaturation studies examined the effects of heating on the
entire SRCD spectra in order to detect changes involving all types of
secondary structure components. Changes in the peak at 222 nm are
Table 1
Secondary structures of pig and shark Na,K-ATPases.
(A) Secondary structure analysis of SRCD spectra
Source State Temp. % helix % sheet % other
Pig Membrane 20 °C 39±1a 16±1 34±1
Pig Membrane 85 °C 27±2 24±2 36±1
Change− 12% 8% 2%
Shark Membrane 20 °C 41±2 15±1 33±1
Shark Membrane 85 °C 25±2 25±3 36±1
Change− 16% 10% 3%
Pig Solubilized 20 °C 33±1 22±4 34±0
Pig Solubilized 85 °C 18±1 32±2 38±4
Change− 15% 10% 4%
Shark Solubilized 20 °C 31±2 22±2 34±4
Shark Solubilized 85 °C 15±3 35±2 38±1
Change− 16% 13% 4%
(B) Secondary analyses based on DSSP analyses of Na,K-ATPase crystal structures
Source PDB ID: % helix % sheet % other
Pig 3KDP 38 11 40
Shark 2ZXE 43 14 31
a The ±values represent 1 standard deviation between the combined results from
the 3 analysis algorithms, for three different protein preparations in the case of the
membrane samples and two different preparations for the detergent samples.
Fig. 4. Thermal denaturation of pig Na,K-ATPase. SRCD spectra for membrane-bound
enzyme are obtained at 5 °C intervals from 20 °C to 85 °C, with spectra for the lowest
and highest temperatures shown in black.
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the 208 nm peak are due to both helix and sheet changes. Themaximal
changes were observed at 194 nm (Fig. 4). Change in this peak reﬂect
both a decrease in helix content and an increase in disordered or “other”
structures, and hence are a good monitor of the folded to unfolded
transition. The presence of a single isosbestic point occurring at around
202 nm is indicative of this being a two-state transition between aFig. 3. SRCD spectra of Na,K-ATPases at 20 °C. The solid lines are for membrane-bound
enzymes and the dashed lines are for detergent-solubilized enzymes. (A) Pig enzyme.
(B) Shark enzyme.folded and unfolded state, without accumulation of a signiﬁcant stable
intermediate form. Fitting of the thermal denaturation curves derived
from the data at 194 nmwith a sigmoidal function also suggests that the
proteins unfold in a two stage transition (Fig. 5). This ismore easily seenFig. 5. Thermal denaturation curves monitored at 194 nm for shark and pig Na,K-
ATPase. (A) Membrane-bound enzymes. (B) Detergent-solubilized enzymes. Shark Na,
K-ATPase is represented by open circles and pig Na,K-ATPase by ﬁlled squares. The data
points were ﬁtted with a Boltzman sigmoidal function, apart from the pig detergent
data, where the solid squares in panel B simply are connected. Calculated Tm values
were 72.4 and 56.9 °C for membrane-bound pig and shark enzymes, respectively, and
47.4 °C for detergent-solubilized shark enzyme. Error bars indicate 1 standard
deviation between the results from three separate preparations.
Fig. 6. Deconvolutionof SRCDspectra. Spectra ofmembrane-boundpig enzyme(see Fig. 3A)
were deconvoluted into component curves using singular value decomposition (SVD). The
ﬁrst component (thick line) has the appearance of a classic alpha helical spectrumwhereas
the second (open squares) and third (open circles) components resemble the spectrum of a
mixed disordered- and sheet-containing protein.
Fig. 7. The fractional contributions of the two component curves for shark and pig Na,K-
ATPase in detergent as a function of temperature. (A) Shark enzyme. (B) Pig enzyme. The
curves have been normalized so that the highest value for each ﬁrst component is 1 and the
lowest value for each second component is zero. Filled symbols: ﬁrst component, open
symbols: second component. The shark datawereﬁttedwith a Boltzman sigmoidal function,
producing a Tm of 41.4 °C.
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(SVD) methodology, which produces three signiﬁcant basis spectra
(Fig. 6). Since the second and third basis spectra are almost identical, it
can be considered that there are effectively only two basis spectra. This
is a strong indication that it is a two-state transition, because if there
were a signiﬁcantly populated intermediate structure, an additional,
quitedifferent, basis spectrumwouldhavebeenexpected. Theﬁrst basis
spectrum has the classic alpha helical spectrum appearance, whereas
the second and third components resemble the spectrum of a mixed
structure with both disordered and beta sheet (as indicated in the
calculations of the unfolded structure in Table 1).
In membranes the pig kidney enzyme is the more thermally stable
with respect to the extent of unfolding, demonstrating a net decrease
of 12% of the helical structure when heated from 20 °C to 85 °C
compared to 16% for shark rectal gland ATPase (Table 1). The Tm of the
pig sample is 72±3 °C and for the shark sample it is 57±1 °C. The
differences in Tm's of the two samples are similar to the differences
seen in the activity curves (Fig. 2B), which produce Tm's of 63 °C for
pig and 51 °C for shark. The lower functional Tm values compared to
structural Tm's suggest that, in both enzymes, the active site, which is
located in a cytoplasmic domain, loses structure at the beginning of
the process, at lower temperatures than the transmembrane regions
of the protein. This is consistent with previous studies that have
shown that the thermal stability of membrane proteins is generally
high [24,25] and that purely transmembrane peptides do not exhibit
any detectable secondary structure unfolding at temperatures as high
as 90 °C [26].
In detergent the Na,K-ATPases from both species have less helix and
more β sheet than the membrane embedded samples at 20 °C (Fig. 3,
Table 1A) but while the pig kidney enzyme is less thermally stable
showing a decrease in total helical content of 15% between 20 °C and
85 °C, the net amount of helix lost by the shark enzyme is roughly the
same in bothmembranes and detergent. As with themembrane-bound
proteins, SVD analysis shows that two conformationswill ﬁt both sets of
data. The Tm's calculated from both the 194 nm curve and the
component fraction curves (Fig. 7) for the shark enzyme are 47±1 °C
and 49±1 °C, respectively, compared to 44 °C for the activity curve
(Fig. 2B). Denaturation of the pig enzyme in detergent shows a more
rapid loss of structure when heated from 20 °C to 35 °C than for shark
ATPase (Fig. 5B). However an intermediate forms between 35 °C and
46 °C, as evidenced by an increase in themagnitude of the 194 nmpeak
(Fig. 5B) and also in the decrease in the fraction of the second
component curve between these temperatures (Fig. 7). Secondarystructure analysis of the pig enzyme in detergent shows no signiﬁcant
difference between 35 °C and 46 °C. The Tm is estimated at 55 °C from
both themelt curve at194 nmand thecomponent fraction curves, and is
close to the value of 50 °C derived from the activity studies (Fig. 2C).
4. Discussion
The present study reveals marked differences in both thermostability
of activity and thermal unfolding between pig kidney and shark rectal
gland Na,K-ATPases. Inmembranes the activity of pig enzyme is stable to
higher temperatures, the protein denatures at a higher temperature than
does shark enzyme, and at 80 °C the shark enzyme has lost more
secondary structure especially helix. For the C12E8-solubilized enzymes a
similar difference in activity is seen although the decrease occurs at lower
temperatures. However in detergent the thermal denaturation of the pig
enzyme initially takes place at a lower temperature than the shark but an
intermediate forms between 37 °C and 46 °C and then denaturation
parallels the shark with both enzymes losing the same amount of helical
secondary structure at 80 °C. The anomaly at ~40 °C could be caused by
aggregation evidenced by the increase in HT due to light scattering at this
temperature. Thiswould concurwith previous studies that demonstrated
that solubilized pig kidney Na,K-ATPase aggregates at elevated temper-
atures as seenby size exclusionHPLC [27]. Rigos et al. [28] using apuriﬁed
rabbit kidney Na,K-ATPase preparation found—by conventional CD
spectroscopy—thermal unfolding temperatures of about 43 °C for
detergent-solubilized Na,K-ATPase as well as Na,K-ATPase reconstituted
into phospholipid vesicles. In addition the loss of enzymatic activity
occurred at higher temperatures (about 53 °C) than the loss of structure.
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found for pig kidneyNa,K-ATPase innativemembranes (about 72 °C) and
for detergent-solubilized pig enzyme (about 55 °C). Also, we observe a
loss of enzymatic activity capacity at lower temperatures than thoseof the
unfolding process (about 63 °C for the membranous preparation and
about 50 °C for the detergent solubilized preparation). These differences
could be due to the different sources of Na,K-ATPase or to an effect of the
reconstitution procedure, or possibly due to a stabilizing role of the 25%
glycerol employed in the present study. The SRCD technique used here
allows spectral analysis in the low-wavelength regime at wavelengths
less than 190 nm, which were not accessible by the conventional CD
spectroscopy, and the unfolding transition is here monitored at 194 nm
(see Fig. 5).
In the following the individual structural elements of the protein
complexes in the membrane are compared.
4.1. The α-subunit
The major protein component in both pig and shark Na,K-ATPase is
the α-subunit. The amino acid sequence of the shark α-subunit is 87%
identical with the pig kidney sequence and 89% identical with that of
Torpedo californica, i.e., a very strong similarity between species. Fig. 8
shows the location of the 43 residues that are different between pig
and shark (i.e., neither identical nor similar). In addition, there are 19
differences between pig and shark in the N-terminal part of the Na,K-
ATPase α-subunit. This N-terminal stretch—which is not resolved in the
crystal structures—contains 37 residues for shark enzyme (30 for pig) and
is the longest region with extensive differences between shark and pig
sequences,which could suggest a stabilizing role of this domain in the pig
enzyme. The region close to the catalytic site (Asp369) is completely
conserved between shark and pig as deduced from homology modeling,
and this region of the protein is thus not related to the difference in
thermal stability between the two species. However, the correspondence
between the beginning of the functional transition and the structural
changes would suggest that the scaffolding surrounding the active site,
which does contain a number of variants, may be involved in the initial
unfolding steps. Incubation of pig [29] or rat [30] kidney enzyme forFig. 8. The crystal structure of shark Na,K-ATPase (2ZXE). The α-subunit backbone is
shown in dark gray, and the β-, and FXYD10-subunits are shown in red and cyan,
respectively. The non-similar residues in the pig Na,K-ATPase are highlighted by black,
red and cyan spheres in the respective subunits. The membrane is indicated. This ﬁgure
was prepared using PyMOL [45].30 min at 55 °C causes unfolding and extrusion of up to three
transmembrane spans (M8-M10) and the C-terminus of the α-subunit
at the extracellular side of the membrane, as determined from exposure
to proteases and kinases. This reorganization of the intramembrane
domainmayaccount partly for thehigher temperature of unfolding of the
Na,K-ATPase from pig relative to that from shark if similar unfolding
occurs at lower temperatures for the shark enzyme. The temperatures
used in these experiments are right in themiddleof the thermal unfolding
transitions determined by DSC [3,31].
Lifshitz et al. [32] show in reconstitution experiments that the
human α1 complex with β1 is more thermally stable than the α2βl
complex. This shows that with otherwise identical surroundings
(lipids, FXYD-availability) the 28-amino acid difference between α1
andα2 is enough to change thermal stability. In similar studiesα2 has
been shown to be less stable than α1 and α3 [33]. However, this does
not rule out a role of lipids or FXYD, since the interactions betweenα1
and these two components might be different from those of α2 (with
α1 being stabilized).
4.2. The β-subunit
The major differences in amino acid sequence are in the extracellular
part, with only two in the intramembranous section. If the β-subunit
confers the greater thermal stability to the pig enzyme it is probably
due to amore stabilizing role of the extracellular domainof thepig thanof
the shark β-subunit. Incubation of pig [29] or rat [30] kidney enzyme for
30 min at 55 °C causes unfolding of the extracellular part of theβ-subunit
with retention of the protein in the membrane, suggesting some
thermal instability of this subunit. On the other hand it has been found
that the β-subunit of kidney Na,K-ATPase can be cleaved proteolytically
[29,30] whereas that of the shark enzyme is resistant to trypsin [34],
which would suggest that the shark β-subunit is inherently more stable
than the pig β-subunit.
4.3. The γ-subunits (FXYD2 and FXYD10)
It has been shown that the γ-subunit (FXYD2) is lost from the
membrane upon heating [35]. Renal Na,K-ATPase from mice lacking the
γ-subunit (FXYD2) gene is found to exhibit increased thermal lability
[36], a very important result suggesting a major role of the γ-subunit
in stabilization. Additionally, the γ-subunit (FXYD10) from shark Na,K-
ATPase [37] interacts differentlywith theα-subunit and ismore sensitive
to proteolysis by trypsin than is that fromkidney [38], suggesting a looser
interaction between subunits for the shark enzyme. This difference
in strength of intersubunit associations, could contribute to the lower
thermostability of the shark enzyme.
The group of Karlish shows in elegant reconstitution experiments
[32] that FXYD1 confers thermal stability to Na,K-ATPase complexes
containing the α1β1 as well as α2β1 (whereα2β1 is much less stable
in the absence of FXYD1), and recently that FXYD2 and FXYD4 protect
less efﬁciently than FXYD1 against thermal denaturation [39]. It is
thus conceivable that the stabilizing potential of FXYD10 on shark
could be lower than that of FXYD2 on pig, contributing to the lower
thermal stability of the shark enzyme.
4.4. The lipid bilayer properties
The phospholipid composition of shark rectal glandmembranes [40]
indicates that the ﬂuidity of the membrane at a given temperature
will be larger than for a mammalian kidney membrane (calculated
fromTables 1 and 2 in [41]). The highermobility of the sharkmembrane
lipids, at a given temperature, will lead to a more ﬂexible (or less
constrained) protein structure and thus to a higher probability of
unfolding. It is notable in this connection that partial delipidation of the
enzyme upon solubilization with detergent confers a greater thermo-
lability. However, comparison of the detergent-solubilized enzymes
2579A.J. Miles et al. / Biochimica et Biophysica Acta 1808 (2011) 2573–2580reveals that the difference between pig and shark stability is signiﬁcant
also in detergent-protein complexes, devoid ofmembrane structure and
more than 80% delipidated compared to the membranous counterparts
[12]. This observation points to a minor role of the lipid-bilayer
properties in stabilizing pig enzyme relative to shark enzyme. This is in
line with a recent report [4] that reconstitution of shark or pig Na,K-
ATPase in a large excess of dioleylphosphatidylcholine does not change
the thermal stabilities, i.e. the bulk bilayer lipid does not play a major
role in stabilization of the proteins.
4.5. The membrane domain
The stability of themembrane domain appears to be greater than that
of the extramembranous domains. IR spectroscopy showed that
membrane-bound shark Na,K-ATPase displays a marked change at
58 °C, and this unfolding reaction is very reduced in trypsinized
membranes, where most of the extramembranous protein has been
digested away. In addition the unfolding of the trypsinized membranes
occurs at ~20 °C higher temperature than the native enzyme [42]. The
greater stability of the membrane-bound domain has also been detected
with DSC using trypsinized pig membranes [31]. There are, however, no
comparative studies of the stability of trypsinized shark and pig.
Protein unfolding induced by urea and monitored by spin-label EPR
also reveals marked differences between shark and pig enzyme [43].
Moreurea is required tounfoldpigenzyme thansharkenzyme, indicating
a greater stability of the pig enzyme. Analysis of the urea-dependence of
unfolding allowedcalculationofΔG's for unfolding alsoof thenative state.
Pig ismore stable than shark,with Tm for shark about 64 °C and Tm for pig
about 82 °C (Table 1 in ref. [43]). These values are close to those found by
Boltzmann ﬁtting of the spectral changes (57 °C and 72 °C (Fig. 5)) in this
study.
4.6. Comparison of stability of membrane-bound and detergent-solubilized
samples
Thermal unfolding of solubilized shark enzyme monitored by differ-
ential scanning calorimetry occurs at a temperature 8 lower than for
the membrane-bound form [2], which is in agreement with our results
(Fig. 2C).
4.7. Comparison with other systems
SERCA1a Ca-ATPase, which has a single subunit, loses 60% of its
activity after 120 min at 41 °C [44], whereas kidney Na,K-ATPase is
completely stable over this period at 42 °C. This also suggests that part
of the enhanced stability of Na,K-ATPase might arise from interactions
with β- and γ-subunits not present in Ca-ATPase.
5. Conclusion
It has been shown that Na,K-ATPase from a warm-blooded animal
(the domestic pig) is considerably more stable towards thermal
denaturation than Na,K-ATPase in membranes from the cold-blooded
shark S. acanthias, and that enzymatic stability and structural stability is
well correlated. The loss of overall ordered protein secondary structure
detected by SRCD spectroscopy occurs at a higher temperature for pig
than for shark. This stabilization of pig enzyme appears to be related to
differences in the individualα-, β- or γ-structures or their organization
in the ternaryαβγ-complex.Although thebulk lipid compositions of the
two species are different, this appears not to be a determining factor for
the thermal stability [4].
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